Objective: To evaluate histologically the progressive development and underlying mechanisms of chronic tympanic membrane perforation (TMP) in a rat model using a two-weeks ventilation tube (VT) treatment combined with topical application of mitomycin C/dexamethasone (VT-M/D), compared with normal tympanic membrane and acute TMPs.
Introduction
Tympanic membrane perforation (TMP) is a common clinical pathology worldwide, usually resulting from otitis media, trauma or ventilation tube (VT) treatment. A majority of acute TMPs heal spontaneously within 10 days [1, 2] but those that fail to heal and stay patent are defined as chronic. In cases of chronic TMPs, surgical grafting is an option for treatment. In order to evaluate novel graft or repair treatments, it is essential to develop a chronic TMP animal model that would mimic the clinical condition of chronic TMPs.
The current level of evidence in the literature on chronic TMP animal models has been recently brought to attention [3] [4] [5] . Various animal species have been utilized in the creation of models for chronic TMPs including chinchilla [6, 7] , guinea pig [8, 9] , rat [10, 11] , dog [12] and mouse [13] . Numerous techniques have been trialed including infolding methods [6, 14] , thermal injury [15, 16] , remyringotomy [17, 18] , application of topical agents (e.g. mitomycin C [11, 19] , steroids [10, 20] ) and by genetic modification [13] . Controversies and discussions have been generated regarding both the reproducibility and validity of previously reported methods [21] [22] [23] [24] [25] [26] . Topical applications of mitomycin C and dexamethasone (M/D) have been shown by another group [11, 19] in creating chronic TM perforations in a rat model. However, our research group recently found that topical M/D delayed healing but not enough to produce a chronic TMP in rats [26] .
A strong association of increased chronic TMP incidence in patients with long-term VT treatment (i.e. several years) compared with short-term VT treatment (i.e. 8-14 months) has been reported in the literature. Previously reported rates of persistent TMPs in patients after long-term VT treatment ranged between 10 and 30% [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Based on this clinical observation, our research group embarked on a rat study and found that chronic TMPs staying patent for up to 10 weeks were successfully created by VT treatment only. The success rate, however, was only 20%. When VT treatment was combined with topical application of M/D (VT-M/D) the success rate at 10 weeks was increased to approximately 70%, which is a rate suitable for experimental evaluation of potential preventions or remedies [37] . We also showed that these persistent TMPs depicted the classic histological features of chronic TMPs as described in the literature [6]. Fig. 2A (i)) showed an intact and transparent pars tensa. In the acute TMP group, harvested on day 3 postmyringotomy ( Fig. 2B (i) ), the tissue surrounding the TMP appeared inflamed but the TMP size appeared smaller/reduced, indicative of a progressive healing process. In comparison, immediately after VT removal at 14 days ( Fig. 2C (i) ), the large TMP could be seen with mild hemorrhage and erythema around it. By contrast, in the VT-M/D group harvested at 17 days to 10 weeks post-myringotomy ( Fig. 2D-I (i) ), no signs of local infection such as erythema or discharge was observed.
Results

Otoscopic observation
Histologic evaluation
Hematoxylin and eosin examination
The normal control TMs had a thin, trilaminar pars tensa membrane ( Fig. 2A (ii & iii) ). Increased neutrophilic staining was observed at 3, 14 and 17 days ( 
Squamous epithelial layer and keratin accumulation (pancytokeratin stain)
The squamous epithelial layer in the normal TM displayed a uniformly thin keratin deposition ( Fig. 3A (i) ). The perforation edges at 3, 14, 17 days ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 layer that eventually terminated in the vicinity of the handle of the malleus rather than rimming around the edges. From 3 to 10 weeks ( Fig. E-I (i) ), an accentuated epithelial layer thickness was seen rimming around the perforation edges with increased intensity of keratinocyte activity.
Collagen deposition (picrosirius red stain)
The perforation edges at the earlier time points of 3, 14 and 17 days, 3 weeks ( Fig. 3B-E (ii)) showed mildly increased collagen deposition in the fibrous layer close to the handle of malleus, as compared to normal TM (Fig. 3A (ii) ). From 4 to 10 weeks ( Fig. F-I (ii) there was a dramatic increase of collagen deposition in the lamina propria that appeared structurally disorganized and disrupted. The deposition tended to increase somewhat from 4 weeks onwards.
Macrophage infiltration (CD68 stain)
The perforation edges at the earlier time points of 3, 14 and 17 days, 3 weeks ( Fig. 4B-D 
showed a mild degree of macrophage infiltration surrounding the handle of the malleus. At the later time points of 4 to 10 weeks ( Fig. 4F-I (i) ), the perforation edges showed a dramatic increase in CD68 positive macrophage infiltration in a granulomatous pattern within the lamina propria at the perforation edges.
Cellular proliferation (Ki67 stain)
The earlier time points of 3, 14 and 17 days, 3 and 4 weeks (Fig. 4B-F (ii) ) showed raised cellular proliferations in the perforation edges in both the epithelial and fibrous layers. In comparison, the perforation edges at later time points from 6 weeks onwards (Fig. G-I (ii) ) showed an overall reduction in cellular proliferation in both the epithelial and fibrous layers. In a more close-up view, compared with the increased cellular proliferation in the acute phase of 3 and 17 days (Fig. 5A, B) , the chronic phase at 8 and 10 weeks (Fig. 5C, D) showed an obvious reduction in cellular proliferation throughout. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 [53] . Increased collagen deposition with disorganized morphology of the TMP edges was seen at the later time frames toward chronicity (Fig.3F-I (ii) ). Disordered and misoriented collagen seen within the residual lamina propria of chronic TMP edges appeared to be a form of scarring which is different from the subsequent collagen deposition of new lamina that usually occurs in healing of acute TMPs, although previous studies have shown that scar tissue after closure of acute TMP may prevail for a long time [54, 55] . In the current study, collagen deposition started to dramatically increase between 4 and 10 weeks, suggestive of increased collagen production by the fibroblasts causing excessive scar formation as part of the 'becoming chronic' process of TMPs. Similar findings of extensive fibrosis were exhibited in the histological study by Spandow et al. [45] of the edges of chronic TMPs in patients, where extensive fibrosis was seen. Studies of chronic skin wounds have shown that fibroblasts are altered [56] such that they exhibit premature senescence that disrupts normal functioning, with impaired migration capacity and reduced response to growth factors. Li et al. [57] described a chronic inflammatory response involving fibroblasts being attracted by macrophages and over time leading to an increase production of collagen and fibrosis that results in an altered structure and loss of function. In this study, increased level of macrophages were observed in the later time points of 4 to 10 weeks ( Fig. 4F-I (i) ), with the unique granulomatous pattern on CD68 staining that is absent in the acute healing phase, indicating that a sustained chronic inflammation and infective process (e.g. bacterial colonization) within the perforation edge is likely to play a role in the failed healing of chronic TMPs.
The abundant macrophage infiltration seen could be responsible for the chronic inflammation of nonhealing chronic TMPs. A persistent chronic TMP is possibly locked into a state of chronic inflammation characterized by inflammatory cells such as macrophages and neutrophil infiltrations with associated reactive oxygen species and destructive enzymes [58] .
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Conclusion
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